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FOREWORD 


This  report  was  prepared  by  General  Dynamics ' Fort 
Worth  Division  for  the  Aeronautical  Systems  Division,  ASD, 
Wright-Patterson  AFB , Dayton,  Ohio,  under  Contract  F33615-75- 
C-5289.  It  covers  an  analysis  of  the  test  data  from  an  ad- 
vanced research  inlet  test. 

In  this  program,  a simple,  open-nose,  normal-shock 
inlet  was  designed  and  tested  in  the  influence  of  a wing- 
body  flow  field,  which  at  supersonic  speeds  has  its  associ- 
ated shocks  and  precompression  effects.  To  evaluate  the 
inlets  performance  and  operation,  the  General  Electric  F101- 
GE-100  engine-airflow  and  compatibility  characteristics  were 
selected  as  the  criteria.  The  report  documents  inlet  per- 
formance and  compatibility  from  Mach  0.55  to  Mach  2.0  for  a 
primary  inlet  configuration  and  from  Mach  0.55  to  1.5  for 
an  alternate  inlet  configuration. 

Mr.  Paul  Fruge'  was  the  ASD  Program  Monitor.  Prepara- 
tion of  this  report  was  made  by  C.  C.  Mann  and  J.  E.  Garner 
of  General  Dynamics'  Fort  Worth  Division. 
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INTRODUCTION 


Advanced  research  inlet  tests  were  conducted  in  the 
Arnold  Engineering  Development  Center  (AEDC)  Propulsion 
Wind  Tunnel  (PWT)  16-foot  supersonic  (16S)  tunnel  in  Novem- 
ber 1975  and  in  the  16-foot  transonic  (16T)  tunnel  in  March 
1976.  These  tests,  designated  as  SF-178  and  TF-399,  were 
conducted  by  the  Fort  Worth  Division  of  General  Dynamics 
for  the  Aeronautical  Systems  Division  (ASD)  of  the  Air  Force. 

The  purpose  of  the  tests  was  to  evaluate  inlet  perform- 
ance and  engine/inlet  compatibility  of  a simple,  normal- 
shock  inlet  in  a wing-body  flow  field  to  extend  the  data 
base  for  designing  inlets. 

In  the  Tailor-Mate  program  (Reference  1)  , blended  wing- 
body  configurations  were  investigated  but  a non-blended 
wing-body  configuration,  such  as  that,  employed  on  the  F-lll, 
was  not  investigated.  Therefore,  to  extend  the  data  base 
on  inlet  design,  a research  inlet  program  to  investigate 
the  integration  of  a simple,  normal-shock  inlet  with  a pure 
wing-body  was  contracted  by  the  Air  Force. 

The  research  inlet  program  incorporated  the  General 
Electric  F101-GE-100  engine  for  inlet  sizing  and  engine/ 
inlet  compatibility.  Thus,  a new  generation  engine  and  a 
simple,  normal-shock  inlet  configuration  were  integrated 
with  a wing-body  flow  field  for  evaluation. 

The  design  and  test  program  was  an  advance  research 
program.  Consequently,  a minimum  of  inlet  configurations 
were  investigated,  and  no  concerted  effort  was  made  to  cor- 
rect flow- field  or  boundary- layer  problems  that  became 
recognizable  during  the  program.  However,  methods  to  cor- 
rect boundary- layer  spillage  into  the  inlet  and  ways  to 
minimize  flow  separation  off  of  a duct  bend  have  been  iden- 
tified to  improve  the  overall  performance  and  compatibility 
of  the  configurations  investigated. 

The  full-scale  length  of  the  forebody  on  the  research 
model  was  73  inches  longer  (ahead  of  the  inlet)  than  it 
was  on  F-lll  models  previously  tested  by  General  Dynamics. 

A long  forebody,  such  as  this,  was  in  keeping  with  similar 
configurations  investigated  in  the  Tailor-Mate  program.  A 
check  of  the  theoretical  flat-plate  boundary- layer  height 
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showed  the  boundary  layer  would  be  thicker  on  this  model. 
However,  placement  of  the  upper  inboard  corner  of  the  inlet 
at  the  same  location,  Buttock  Line  (B.L.)  43,  as  that  of  the 
Triple  Plow  II  (TP  II)  F-lll  inlet,  would  put  the  inlet  on 
the  boundary- layer  outer  edge  with  high  inlet  performance 
expected.  By  keeping  the  same  relative  inlet-fuselage  spac- 
ing, a baseline  for  comparing  the  inlet  flow  fields  of  the 
research  model  to  the  F-lll  could  be  made. 

Two  questions  that  were  addressed  during  the  inlet  de- 
sign were  what  the  maximum  expected  Mach  number  could  be 
for  a simple,  open-nose,  normal-shock- type  inlet  in  a wing- 
body  flow  field  and  whether  splitter  plates  would  be  neces- 
sary. A review  of  F-lll  flight  test  data  revealed  that  the 
local  Mach  number  at  the  inlet's  terminal  (normal)  shock 
reached  a maximum  of  1.6  (for  free-stream  Mach  of  2.4-2. 5) 
and  that  the  terminal  shock  was  impinging  on  the  Triple 
Plow  II  fuselage  boundary  layer  without  a splitter  plate. 
Thus,  it  was  expected  that  the  research  model  normal-shock 
inlet  could  operate  satisfactorily  up  to  Mach  1.7  or  1.8. 
But,  it  was  felt  that  some  splitter  plate  would  be  necessary 
to  prevent  the  fuselage  boundary  layer  from  spilling  into 
the  inlet  as  it  was  being  plowed  off.  A splitter  plate  of 
this  type  is  not  necessary  on  the  Triple  Plow  II  inlet  be- 
cause TP  II  has  a double-cone-spike  pressure  field  to  con- 
trol the  boundary  layer  behind  the  spike  and  not  allow  it 
to  enter  the  inlet. 

The  Tailor-Mate  (Reference  1)  model  flow-plug,  beam, 
and  compressor- face  hi-response  instrumentation  was  selected 
for  the  research-model  inlet  tests.  The  ratio  of  the  model 
compressor- face  diameter  to  the  diameter  of  the  F101  engine 
compressor  face  was  1/5.2. 

The  inlet-configuration  variables  that  were  evaluated 
during  the  tests  were: 

1.  The  length  of  the  fuselage  ahead  of  the  inlet. 

(The  research-model  fuselage  extended  73  inches 
further  ahead  of  the  inlet  than  it  does  on  the 
F-lll.) 

2.  The  standoff  distance  of  the  inlet  from  the  side 
of  the  fuselage. 

3.  The  length  and  steepness  of  the  fuselage  and  glove 
boundary- layer  plows. 
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4. 

The  length  and  shape  of  the  fus 
plates . 

ielage  splitter 

5. 

The 

and 

size  of  the  throat  (throat 
capture  area  of  the  inlet. 

design  Mach  number) 

6. 

The 

duct  vortex  generators  and 

duct  blowing. 

Flow  field  and  configuration  evaluations  had  to  be 
done  at  Mach  1.6  in  16S  because  a scheduling  priority  moved 
the  16T  tests  to  follow  the  16S  tests.  Consequently,  the 
16S  tests  were  conducted  first  even  though  this  was  not 
the  desired  testing  sequence.  The  basic  configuration  was 
then  tested  at  Mach  1.6  to  2.0  for  performance  documentation. 

In  16T,  the  primary  evaluations  and  flow-field  assess- 
ment was  done  at  Mach  0.85.  Additional  evaluations  were 
made  from  Mach  1.2  to  Mach  1.5.  Full  documentation  of  the 
basic  and  an  alternate  inlet  configuration  was  made  from 
Mach  0.55  to  1.5.  Representative  combinations  of  angles  of 
attack  and  sideslip  were  tested  over  the  full  Mach  range. 
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2.  SUMMARY  OF  RESULTS 


The  overall  results  of  the  research-model  inlet  tests 
determined  that  a normal-shock  inlet  can  operate  while  in 
the  influence  of  a wing-body  flow  field.  The  Basic  Long- 
Plow  and  Splitter-Plate  Inlet,  located  at  either  B.L.  43.82 
or  B.L.  45.64,  has  acceptable  inlet  pressure  recovery.  En- 
gine/inlet compatibility  also  was  found  to  be  acceptable 
throughout  most  of  the  Mach-altitude  envelope  where  it  was 
analyzed,  the  exception  being  at  Mach  1.2  at  the  top  of  the 
Mach-altitude  envelope  selected  for  the  compatibility  analy- 
sis. In  those  speed  regimes  where  compatibility  is  marginal, 
it  was  the  result  of  fuselage  boundary- layer  spillage  into 
the  inlet  or  the  result  of  flow  separation  off  the  outboard 
bend  on  the  outboard  duct  wall.  However,  the  analysis  of 
the  test  results  shows  that  correction  of  the  duct-bend 
problem  will  greatly  improve  engine/inlet  compatibility 
throughout  the  Mach  range.  As  tested,  the  outboard  inlet 
location  has  a larger  compatibility  envelope  (at  the  top  of 
the  flight  envelope)  for  all  Mach  numbers. 

Specifically,  the  test  results  show  that: 

1.  The  fuselage  boundary- layer  of  the  research  model 
at  Fuselage  Station  390  is  similar  to  but  thicker 
than  the  boundary  layer  measured  on  the  F-lll  at 
the  same  fuselage  station. 

2.  The  measured  boundary- layer  thickness  at  F.S.  390 
on  the  research  model  is  thicker  than  that  calcu- 
lated by  flat-plate  theory  below  Mach  1.6.  (The 
greatest  difference  occurs  at  Mach  1.2  where  the 
model  boundary  layer  was  0.42  inches  thicker  (full 
scale)  than  theoretical.  Corresponding  theoreti- 
cal flat-plate  and  measured  thicknesses  for  the 
F-lll  agreed  closely.) 

3.  Spillage  of  the  fuselage  boundary- layer  over  the 
fuselage  side  splitter-plate  into  the  inlet  de- 
graded inlet  pressure  recovery  and  increased  inlet 
distortion  at  all  Mach  conditions.  This  phenomena 
was  initially  analyzed  as  a shock /boundary- layer 
interaction  problem  from  the  16S  test  results. 

But  since  the  subsonic  tests  showed  similar  inlet 
throat-flow  patterns,  it  is  now  concluded  that 
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spillage  preceded  and  contributed  to  any  shock/ 
boundary- layer  interaction  that  occurred  super- 
sonically. 


4.  Increasing  the  standoff  distance  by  moving  the 
inlet  outboard  to  B.L.  45.64  made  some  improve- 
ment in  inlet  pressure  recovery  and  engine/inlet 
compatibility.  Increasing  the  standoff  distance 
further  resulted  in  a loss  in  inlet  pressure  re- 
covery at  Mach  1.6.  The  most  outboard  position 
was  not  tested  in  16T. 

5.  Revising  the  splitter-plate  shape  and  size  im- 
proved flow  conditions  at  the  throat,  but  these 
improvements  were  not  realized  in  the  compressor- 
face  distortion  patterns. 

6.  An  outboard  bend  in  the  inlet  duct  caused  some 
duct  separation.  This  resulted  in  a loss  in  pres- 
sure recovery  and  an  increase  in  distortion  in  the 
outboard  portion  of  the  compressor  face.  But  it 
was  demonstrated  during  the  tests  that  this  flow 
defect  can  be  corrected  with  a minimum  duct  vortex 
generator  pattern  or  with  duct  blowing. 

7.  Inlet  performance  (pressure  recovery)  is  acceptable 
at  all  Mach  numbers  for  the  Basic  Long-Plow/ 
Splitter-Plate  Inlet  even  though  it  was  slightly 
below  the  predicted  levels  below  Mach  1.5  and  at 
Mach  2.0. 

8.  The  flow  separation  off  the  back  of  the  bend  in 
the  inlet  duct  creates  a low-energy  region  of  air 
on  the  outboard  side  of  the  compressor  face. 

This  caused  a high  level  of  steady-state  distor- 
tion which  completely  biased  the  compatibility 
assessment.  The  low-energy  region  can  be  minimized 
by  correcting  the  duct  separation  as  stated  in 
Item  6.  This  correction  would  reduce  the  steao  •- 
state  distortion  without  a significant  increase 

in  turbulence.  The  predicted  improvement  in  com- 
patibility is  shown  in  Figure  1 at  a = 5° , (3  = 0° 
for  design  airflows  across  the  Mach  range.  Notice 
that  the  dynamic  distortion  level  for  an  "improved" 
duct  configuration  is  less  than  the  steady-state 
distortion  level  for  the  duct  tested.  Also,  from 
Mach  0.85  to  1.6  the  predicted  dynamic  distortion 
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For  altitudes  along  upper  boundary  of  Mach- 
altitude  envelope  selected  for  engine/inlet 
compatibility  analysis. 


Distortion  of  tested 
configuration 


dynami 

• T Ct  t — — 


Predicted  Distortion  with  low 
energy  defect  corrected 


Freestream  Mach  No.,  MJ3 


Figure  1.  Effect  of  steady-scate-distortion  pattern  on 
dynamic-dis tortion  level  of  the  Basic  Long- 
Plow/Splitter  Plate  Inlet  at  B.L.  43.82  at 
design  airflow  for  Ct  = 5°  and  (H  = 0° 


level  is  less  than  an  ID  of  0.8,  which  is  well 
within  the  acceptable  limit  ( < 1.0)  for  surge- 
free  operation.  The  details  of  this  prediction 
with  supporting  data  are  discussed  in  Subsection 
4.4.3. 

9.  The  duct  noise  or  turbulence  is  low  up  to  Mach 
1.6  and  increases  rapidly  to  a high  leve]  above 
Mach  1.8.  The  low  overall  turbulence  level  is 
attributed  to  the  long  duct  length  (L/D  = 5.6) 
and  the  fixed-geometry,  normal-shock  inlet. 

A comparison  of  the  predicted  inlet  pressure  recovery 
with  the  model-test  inlet-pressure  recovery  for  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82  is  shown  in 
Figure  2.  These  data  are  for  5°  angle  of  attack  and  0° 
sideslip.  Noted  for  reference  on  the  curves  are  the  accel- 
eration path  airflows. 

Engine/inlet  compatibility  envelopes  at  Mach  0.85  and 
Mach  1.4  are  given  in  Figure  3 for  the  Basic  Inlet  at  B.L. 
45.64  with  Vortex  Generator  Pattern  No.  3.  These  envelopes 
are  indicative  of  those  to  be  expected  after  the  duct-bend 
problem  (Item  6)  is  corrected.  Also,  at  5°  angle  of  attack 
and  0°  sideslip,  these  envelopes  substantiate  the  predic- 
tions contained  in  Figure  1. 


A 


Figure  2 


Predicted  versus  model  test  inlet  pressure  re- 
covery of  the  Basic  Long-Plow/Splitter-Plate  In 
let  @ B.L.  43.82,  Ai  = 1214  in.5,  « = 5°,  and 
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DESCRIPTION  OF  TEST 


PROGRAM  AND  CONFIGURATIONS 


Presented  in  Tables  1 and  2 are  summaries  of  the  con- 
figurations tested  in  PWT  16S  and  16T,  respectively.  In 
the  tables  are  the  test  part  numbers  that  pertain  to  a spe- 
cific configuration  and  test  Mach  number. 

The  inlet-configuration  variables  were: 

1.  Inlet  capture  area  and  throat  Mach  number.  The 
left-hand  inlet  was  designed  for  a throat  Mach 
number  of  0.8  that  resulted  in  a 1214-sq-in. 
capture  area,  while  the  right-hand  inlet  was  de- 
signed for  a throat-Mach  number  of  0.7  that  re- 
sulted in  a 1281-sq-in.  capture  area.  The  duct 
area  curve  for  the  Mach  0.8  throat  design  is 
shown  in  Figure  4.  The  duct  area  curve  for  the 
Mach  0.7  throat  design  is  similar.  Both  had  an 
L/D  = 5.6,  based  on  the  throat  to  compressor- face 
duct  length  and  the  compressor-face  diameter. 

The  area  distribution  per  unit  length  of  both 
ducts  was  made  the  same  as  it  is  on  the  YF-16  in- 
let because  that  inlet  duct  has  low  turbulence. 

A plan  view  of  the  research-model  inlet  duct  is 
shown  in  Figure  5. 

2.  Length  of  splitter  plate  and  plow.  A Basic  Long 
Plow  and  Splitter  Plate  was  designed  and  tested 
with  both  inlets  (L/H  and  R/H)  as  the  primary 
inlet  configuration.  A Basic  Short  Plow  and 
Splitter  Plate  was  designed  for  the  0.8  Mach  L/H 
inlet  as  an  alternate  inlet  configuration.  It  was 
tested  at  Mach  1.6  and  0.5  in  16S.  The  Basic  Long 
Splitter-Plate  Inlet  configuration  is  shown  in 
Figure  6 and  the  Short  Splitter-Plate  Inlet  is 
shown  relative  to  the  long  in  Figure  7. 

3.  Inlet  standoff  distance  from  the  fuselage.  The 
upper  inboard  corner  of  the  inlet  was  located  at 
B.L.  43.  To  compensate  for  growth  in  the  fuselage 
boundary  layer  on  the  model  at  the  model  test 
Reynolds  number,  the  inlets  were  moved  outboard 

to  B.L.  43.82.  In  addition  to  B.L.  43.82,  the 
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Table  2 
SUMMARY 

PWT  16T  TEST  PROGRAM  (continued) 


13 


£ 


533-540  i 0.85 
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inlets  were  located  and  tested  at  B.L.  45.64  and 
47.45  on  the  L/H  side  of  the  model  and  at  B.L. 

43.82  and  45.64  on  the  R/H  side  of  the  model.  Each 
of  the  buttock  line  locations  are  shown  in  Figure  8. 

4.  Splitter-plate  size.  The  transonic  test  in  PWT 
16T  included  the  Basic  Long  Splitter  Plate  and 

two  modifications  referred  to  as  Alternate  Splitter 
Plate  No.  1 and  Alternate  Splitter  Plate  No.  2. 

These  are  shown  in  Figures  9 and  10. 

5.  Duct  vortex  generators  (VGs).  Three  duct  VG  pat- 
terns were  tested.  Pattern  1 had  VGs  located  on 
the  upper  and  inboard  duct  walls  just  aft  of  the 
throat  at  F.S.  455  (region  surveyed  by  Throat 
Rakes  12-13  and  1-6),  on  the  outboard  duct  wall  at 
F.S.  540  between  45°  and  135°,  and  across  the  top 
and  bottom  of  the  duct  at  F.S.  560  between  315°  and 
45°  and  135°  and  225°,  as  shown  in  Figure  11.  Pat- 
tern 2 had  VGs  located  on  the  throat  inboard  wall 

at  F.S.  455  in  the  region  of  Throat  Rakes  2-5  and  at 
F.S.  540  between  45°  and  135°,  as  shown  in  Figure  12. 
Pattern  3 had  VGs  at  F.S.  540  between  67V3  and 
112V3  and  at  F.S.  560  between  135°  and  225°,  as 
shown  in  Figure  13. 


6.  Duct  blowing.  A set  of  aft-facing  duct-blowing  jets 
was  located  at  Cowl  Station  52  (approximately  F.S. 

'■.J 2)  on  the  inboard  wall,  and  a second  set  was 
Tocated  at  F.S.  592.8  on  the  outboard  wall.  These 
olowing  jet  installations  are  shown  in  Figures  14 
and  15. 

Other  test  configurations  resulted  from  changes  in 
model  instrumentation.  As  flow-field  data  were  gathered  on 
the  R/H  side  of  the  model,  the  F.S.  390  fuselage  boundary- 
layer  rrkes , splitter-plate  leading-edge  rakes,  and  throat 
rakes  were  progressively  removed.  All  of  this  instrumenta- 
tion is  shown  with  the  L/H  static-tap  instrumentation  on  the 
Basic  Long-Plow  and  Splitter-Plate  configuration  in  Figure  16. 

Figure  17  is  a photograph  of  the  model  installed  in 
16T.  Figures  18  and  19  show  closeups  of  the  L/H  and  R/H 
inlets  with  instrumentation. 

The  left-hand  compressor  face  was  instrumented  with  40 
hi-response  and  40  steady-state  pressure  transducers, 
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Figure  12.  Inlet-duct  Vortex  Generator  Pattern  No. 
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Figure  17.  ASD  advanced  research  inlet  model  in  16T 


Figure  18.  ASD  advanced  research  inlet  model  in  16S. 
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Figure  19.  ASD  advanced  research  inlet  model  flow-field  instrumentation. 


located  on  centroids  of  equal  area  as  shown  in  Figure  20. 

The  right-hand  compressor-face  instrumentation  consisted  of 
40  steady-state  pressure  transducers  also  located  on  centroids 
of  equal  area.  Four  rows  of  duct-static  taps  ran  from  the 
splitter  plates  to  the  compressor  face  in  the  L/H  duct.  In 
addition,  several  hi-response  static  taps  were  located  at 
the  throat,  in  bend  areas,  and  at  the  compressor  face  in  the 
L/H  duct. 

Reference  2 contains  a complete  description  of  the 
model,  test  configurations,  and  instrumentation. 


CT. 


DATA  PRESENTATION 


AND 


DISCUSSION 


The  tests  were  accomplished  during  three  nights  of 
testing  in  PWT  16S  in  November  1975  and  four  nights  of  test- 
ing in  PWT  16T  in  March  1976.  A description  of  the  config- 
urations tested,  the  order  in  which  they  were  tested,  the 
Mach  numbers  at  which  they  were  tested,  and  the  test  facil- 
ity part  numbers  were  given  in  Tables  1 and  2. 

The  basic  model  consisting  of  the  L/H  hi-response 
compressor-face  instrumentation  and  flow  plug,  the  R/H 
steady-state  compressor-face  instrumentation  and  flow  plug, 
the  beam,  and  the  model  support  and  actuation  mechanisms 
was  from  the  Tailor-Mate  program  and  was  borrowed  from  the 
AF  Flight  Dynamics  Laboratory  for  these  tests.  A model 
scale  of  1/5.2  was  established  from  the  size  of  the  exist- 
ing model  compressor  face  compared  to  the  size  of  the  com- 
pressor face  of  the  F101-GE-100  engine,  the  engine  selected 
for  this  research  program.  The  Tailor-Mate  inlet  model  was 
selected  because  of  its  large  size,  because  it  existed  and 
could  therefore  save  some  design  and  fabrication  costs,  and 
because  the  information  obtained  from  the  test  could  supple- 
ment the  Tailor-Mate  inlet-test  results.  Thus,  the  test 
results  would  extend  the  data  base  in  evaluating  inlet  per- 
formance and  engine/inlet  compatibility  of  a simple,  open- 
nose  inlet  and  the  integration  of  the  FlOl-GE-lOO  engine 
placed  in  a wing-body  flow  field. 

Evaluation  of  the  inlet  with  a 0.8-Mach  number  throat 
with  various  plow/splitter-plate  configurations  and  standoff 
distances  was  done  on  the  left-hand  side  of  the  model  with 
both  hi-response  and  steady-state  instrumentation.  The 
right-hand  side  of  the  model  was  dedicated  primarily  to 
inlet  flow-field  testing,  with  steady-state  evaluation  of 
the  inlet  with  the  larger,  0.7-Mach  number  throat  as  a 
secondary  objective. 

The  recorded  data  were  used  primarily  to  determine  the 
fo 1 Lowing : 

1.  The  thickness  and  characteristics  of  the  boundary 
layer  on  the  fuselage  at  F.S.  390  ahead  of  the 
inlet  and  at  the  splitter-plate  leading  edge. 
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2.  The  extent  of  normal-shock/boundary-layer  inter- 
action/separation or  fuselage  boundary-layer 
spillage  past  the  splitter  plate  and  the  resulting 
effect  on  the  throat-pressure  profiles. 

3.  The  effect  of  inlet  standoff  distance  and  plow/ 
splitter-plate  length,  size,  and  shape,  and  the 
resulting  effect  on  inlet  pressure  recovery  and 
distortion. 

4.  Inlet  performance  documentation  as  a function  of 
Mach  number,  angle  of  attack,  angle  of  sideslip, 
and  engine  corrected  airflow. 

5.  Engine/inlet  compatibility  angle-of-attack  and 
side-slip  envelopes  for  each  Mach  for  the  baseline 
inlet  configuration. 

The  baseline  configuration  for  which  the  majority  of 
the  data  are  presented  is  the  Long-Plow/Splitter-Plate  Inlet 
located  at  B.L.  43.82.  The  performance  for  this  configura- 
tion was  documented  from  Mach  0.55  to  2.0. 

It  should  be  noted  that  all  of  the  throat-pressure  pro- 
file data  and  splitter-plate  rake  data  obtained  at  Mach  1.6 
in  16S  were  taken  with  the  inlet  located  at  B.L.  45.64, 
while  all  of  the  throat-pressure  profile  data  obtained  in 
16T  were  taken  in  the  inboard  position  of  43.82.  (No  splitter- 
plate  rake  data  were  taken  in  16T.) 

In  addition,  it  should  be  noted  that  no  boundary- layer 
transition  strip  of  any  type  was  applied  to  the  model  nose 
or  wing  leading-edges  for  these  tests.  It  may  be  for  this 
reason  that  the  fuselage  boundary  layer  was  thicker  than 
the  theoretical  flat-plate  thickness. 

In  the  subsections  that  follow,  sufficient  data  will 
be  presented  to  define  the  performance  of  the  Basic  Long- 
Plow/Splitter-Plate  Inlet  at  B.L.  43.82  and  45.64.  Suffi- 
cient data  and  charts  are  also  provided  to  present  various 
analyses  required  to  understand  the  test  results.  However, 
no  attempt  wTill  be  made  to  present  all  of  the  data  that  was 
recorded  during  the  tests.  The  complete  set  of  data  is 
presented  in  Reference  3. 
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4.1  INLET  FLOW  FIELD 


The  flow  field  of  an  inlet  located  alongside  a fuse- 
lage and  under  a wing  can  be  very  complex.  The  boundary- 
layer  characteristics  of  the  fuselage  are  not  wholly  pre- 
dictable even  though  a flat-plate  thickness  can  be  calcu- 
lated. Because  the  forward  fuselage  is  a lifting  body  it 
generates  lifting  vortices.  Such  vortices  tend  to  lift  off 
the  body  surface  at  relatively  sharp  corners  or  where  the 
cross-flow  component  turning  angle  is  large.  Additional 
complexities  can  be  introduced  because  of  the  wing.  Its 
pressure  field  can  feed  down  along  the  fuselage  surface, 
forcing  separation  and  then  trapping  the  vortex  beneath  the 
wing.  Frequently  the  path  of  such  vortices  is  outward  and 
downward  so  that  they  enter  the  inlet  and  affect  engine/ 
inlet  compatibility. 

Conversely,  locating  an  inlet  in  a precompression  flow 
field  under  a wing  can  be  very  beneficial.  It  reduces  local 
supersonic  Mach  numbers  resulting  in  smaller  inlet  sizes, 
simplification  of  the  variable  geometry  required  (if  the 
inlet  geometry  is  variable) , and  reduction  of  the  effective 
range  of  angle  of  attack  through  which  the  inlet  must  operate. 

The  fuselage  boundary  layer  at  F.S.  390,  splitter-plate 
flow,  inlet-throat  flow,  and  compressor-face  flow  will  be 
examined  in  the  following  subsections  in  an  effort  to  under- 
stand the  research-model  inlet  flow  field.  This  will  be 
done  for  selected  test  conditions.  In  addition,  some  com- 
parative configurations  will  be  examined.  The  analysis  will 
also  compare  the  fuselage  boundary  layer  of  the  research 
model  with  that  of  the  F-lll,  which  had  a 73-inch  shorter 
fuselage  ahead  of  its  inlet. 


4.1.1  Mach  1.6 

4. 1.1.1  Fuselage  Flow 

The  pitot  pressure-recovery  contour  maps  of  the  fuse- 
lage boundary  layer  at  F.S.  390  as  a function  of  angle  of 
attack  and  sideslip  are  shown  for  Mach  1.6  in  Figure  21.  At 
angles  of  attack  of  5°  or  less,  only  the  lee-side  sideslip 
of  4°  results  in  a thickened  boundary  layer  that  extends 
outboard  of  the  splitter-plate  leading  edge  at  B.L.  43.82. 
The  boundary  layer  does  thicken  as  the  angle  of  attack  in- 
creases, but  there  is  no  indication  of  a body  vortex. 
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4. 1.1. 2 Basic  Long-Plow/Splitter-Pl  ate  lnleL  1 low 

Presented  in  Figure  22  is  a set  ol  right-hand-inlet 
throat  maps  associated  with  the  fuselage- 1 low  conditions  of 
Figure  21  for  an  inlet  corrected  airflow  of  310  lb/sec. 

From  these  throat  maps,  it  can  be  seen  that  low-energy  air 
is  entering  on  the  inboard  side  of  the  inlet  even  though 
the  F.S.  390  flows  did  not  indicate  a fuselage  boundary- 
layer  problem  at  many  of  the  conditions.  However,  it  is 
interesting  to  notice  the  improvement  in  the  throat  flow 
as  the  angle  of  attack  is  increased.  The  region  of  low- 
energy  air  is  virtually  eliminated  at  13°  angle  of  attack. 
Because  of  the  ingestion  of  this  low-energy  air  at  the  lower 
alphas  and  higher  local  Mach  conditions,  a shock-boundary 
layer  interaction  problem  was  suspected. 

The  corresponding  steady-state  compressor-face  maps  for 
the  310  lb/sec  corrected-airf low  conditions  are  shown  in 
Figure  23.  A low-energy  region  at  the  three  o'clock  out- 
board position  can  be  seen  on  each  of  these  compressor- face 
maps.  This  defect  has  been  analyzed  as  separation  off  the 
backside  of  the  bend  on  the  outboard  side  of  the  duct.  It 
is  interesting  to  notice  that  the  low-energy  air  on  the  in- 
board wall  at  the  throat  is  less  evident  at  the  compressor 
face . 


Figure  24  is  a composite  chart  drawing  upon  all  of  the 
available  left-hand  and  right-hand  instrumentation  to  analyze 
the  Mach  1.6  inlet  flow  for  the  Basic  Long-Plow/Splitter- 
Plate  Inlet  configuration  at  B.L.  43.82.  Because  only  one 
throat  and  one  compressor- face  map  could  be  shown  in  Figure 
24,  Figures  25a  and  25b  are  included  to  supplement  Figure  24 
for  the  full  airflow  sweep.  Figures  25a  and  25b  also  have 
some  of  the  turbulence  maps  that  can  be  compared  with  the 
steady-state  compressor-face  maps  for  similarity.  The 
darkened  lines  on  Figure  24  correspond  to  the  data  for  the 
throat  and  compressor-face  maps  shown. 


Starting  at  the  left  side  of  Figure  24,  the  fuselage 
boundary- layer  plot  shows  good,  clean  flow  at  F.S.  390. 
Proceeding  to  the  right  to  the  three  splitter-plate  rakes, 
it  can  be  seen  that  the  pressure  profiles  measured  at  F.S. 

390  on  Rake  1 were  unaffected  by  changing  inlet  airflow. 

Thus  the  normal  shock  was  always  behind  Rake  1.  The  profile 
also  shows  good  flow  conditions.  However,  Rake  2 shows  a 
high  sensitivity  to  inlet  flow  with  a decrease  in  the  pres- 
sure profiles  as  the  inlet  was  throttled.  Rake  3 was  measur- 
ing low-energy  air  and  was  relatively  insensitive  to  inlet 
flow. 
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The  corner  splitter-plate  statics  and  throat  map  show 
good  flow  in  the  315°  corner  down  to  a flow  of  280  Ib/sec 
(Figure  25).  However,  the  sideplatc  statics,  which  form  a 
line  midway  between  Throat  Rakes  2 and  3,  show'  a bifurcated 
(lambda)  shock  system  or  a separated- flow  region  at  the 
highest  inlet  airflow.  Re-examining  flow-profile  B on 
Splitter-Plate  Rake  3,  it  is  difficult  to  establish  whether 
it  is  a shock-boundary  layer  interaction  problem  or  spillage 
of  the  fuselage  boundary-layer  air  past  the  splitter-plate 
leading  edge.  However,  since  Splitter-Plate  Rake  2 was  sen- 
sitive to  inlet  airflow  and  thus  normal-shock  position,  it 
is  apparent  that  the  no^mal-shock-system  pressures  being 
imposed  on  the  fuselage  boundary  layer  were  affecting  the 
flow  at  Rake  2.  Consequently,  it  is  now  concluded  that 
spillage  past  the  splitter-plate  leading  edge  was  occurring. 
(The  analysis  immediately  following  the  16S  test  concluded 
that  it  was  a classical  shock-boundary  layer  interaction 
problem  that  could  be  fixed  with  revised  splitter  plates.) 

With  further  examination  of  the  throat  and  compressor- 
face  maps,  it  can  be  seen  that  as  the  inlet  airflow  is  re- 
duced the  lower-energy  air  covers  a larger  portion  of  the 
throat  with  a reduction  in  compressor-face  distortion.  It 
is  significant  to  notice,  from  examining  all  of  the  throat 
maps,  that  there  is  no  evidence  of  inlet- lip  flow  problems  - 
no  lip  separation  due  to  any  cause. 

Following  the  transonic  tests,  additional  analysis  of 
the  Mach  1.6  flow-field  data  was  made.  This  was  done  be- 
cause it  was  suspected  that  the  splitter-plate  leading-edge 
spillage  was  occurring  between  Water  Lines  (W.L.)  170  and 
180,  and  the  splitter-plate  rake  data  should  be  examined 
further.  It  was  decided  that  these  rake  data  should  be 
examined  as  a function  of  angle  of  attack  at  a constant 
inlet  airflow  to  complement  the  data  shown  in  Figures  22 
and  23. 

The  assembled  data  plots  are  shown  in  Figure  26.  As 
noted,  the  splitter-plate  rake  and  throat-rake  data  were 
recorded  on  the  R/H  inlet  that  was  located  at  B.L.  45.64. 

All  of  the  inlet  static-pressure  data  are  from  the  L/H 
inlet  that  was  located  at  B.L.  43.82. 

In  analyzing  the  data  of  Figure  26,  the  following  ob- 
servations were  made: 
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1. 


■ 


The  position  of  the  normal  shock  remained  constant 
for  all  angles  of  attack.  It  did  not  move  forward 
as  local  Mach  decreased.  This  can  be  seen  from 
examining  the  static-pressure  plots  from  the  split- 
ter plate,  side  plate,  and  glove  plate. 

2.  The  normal  shock  was  the  same  distance  ahead  of 
the  inlet  lip  on  the  splitter  plate,  side  plate, 
and  glove  plate  (no  skewing  due  to  variations  in 
local  Mach)  for  all  angles  of  attack. 

3.  The  fuselage  boundary  layer  thickened  as  angle  of 
attack  was  increased  with  the  lower-energy  air 
progressively  extending  outboard  of  the  splitter- 
plate  leading  edge. 

4.  In  spite  of  the  thickened  fuselage  boundary  layer 
that  occurred  with  increased  angle  of  attack,  the 
throat-rake  profiles  show  improved  pressure  levels 
as  angle  of  attack  was  increased.  This  was  also 
evident  in  Figure  22. 

5.  Each  splitter-plate  rake  profile  improved  as  angle 
of  attack  was  increased.  The  big  improvement  on 
Rake  2 occurred  at  10° , and  the  big  improvement 

on  Rake  3 occurred  at  13°.  This  indicates  that 
the  region  of  spillage  was  moving  aft,  from  in 
front  of  to  behind  the  normal-shock  position,  as 
angle  of  attack  was  increased. 

6.  Referring  to  the  throat-pressure  contour  maps  in 
Figure  22,  it  can  be  seen  that  the  low-pressure 
defect  progressed  from  Rakes  2 and  3,  to  Rake  3, 
to  Rakes  3 and  4, to  Rake  4 as  angle  of  attack  was 
varied  from  2°,  to  5°,  to  10°,  to  13°,  respectively. 
It  can  also  be  seen  that  the  value  of  the  low- 
pressure  recovery  improved  (increased)  as  angle 

of  attack  was  increased. 

7.  The  fuselage-diverter  (plow)  static-pressure  levels 
increased  more  downstream  of  the  inlet  lip  than 
they  did  forward  of  the  lip  as  angle  of  attack  was 
increased . 

On  the  basis  of  the  preceding  observations,  it  is  con- 
cluded that  as  the  model  angle  of  attack  was  increased  the 
fuselage  boundary  layer  was  compressed  enough  to  enter  the 
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channel  between  the  splitter  plate  and  the  fuselage  with  a 
minimum  of  spillage  into  the  inlet.  From  this  analysis  and 
subsequent  analyses  at  other  Mach  numbers,  it  appears  that 
the  fuselage  boundary- layer  system  can  be  modified  to  im- 
prove its  flow  characteristics  at  all  Mach  and  angle-of- 
attack  conditions.  Some  possible  modifications  to  accom- 
plish this  are  discussed  in  Subsection  4.1.10. 

4 . 1 . 1 . 3 Short-Plow/Splitter-Plate  Inlet  Flow 

Inlet  flow-analysis  data  for  the  Short-Plow/Splitter- 
Plate  Inlet  configuration  located  at  B.L.  43.82  are  presented 
in  Figure  27.  This  data  can  be  compared  with  data  for  the 
Long-Plow/Splitter-Plate  Inlet  of  Figure  24.  However,  a 
complete  comparison  cannot  be  made  because  splitter-plate 
rake  and  throat-map  data  were  not  recorded  for  the  short 
configuration.  But  it  is  advantageous  to  look  at  their  sim- 
ilarities and  differences  when  analyzing  the  overall  inlet- 
flow  conditions. 

A summary  comparison  of  the  configurations  and  the  re- 
corded pressure  data  (for  the  same  test  conditions)  of 
Figures  24  and  27  follows: 

1.  Splitter-plate  static  pressures:  The  static  pres- 

sures along  the  long-splitter  plate  indicated  good, 
clean  flow  down  to  250  lb/sec,  with  the  normal 
shock  always  on  the  plate.  On  the  short  plate,  it 
appears  that  the  normal  shock  moves  off  the  plate 
at  a higher  airflow.  Looking  at  the  estimated 
position  of  the  normal  shocks  for  each  inlet,  it 
appears  that  the  normal  shock  lies  approximately 

10  inches  further  ahead  of  the  lip  on  che  short 
plate.  This  results  in  greater  diffusion  of  the 
flow  before  entering  the  inlet  and  may  be  part  of 
the  reason  why  the  pressure  recovery  for  the 
short  plate  was  0.935  versus  0.919  for  the  long 
plate  for  the  same  inlet  corrected  airflow  of  310 
lb/sec . 

2.  Distance  of  the  fuselage  diverter  (plow)  behind 

the  splitter-plate  leading  edge:  The  distance 

from  the  splitter-plate  leading  edge  to  the  plow 
(edge  distance)  is  greater  on  the  Short  Splitter- 
Plate  Inlet  than  it  is  on  the  Long  Splitter-Plate 
Inlet . 


53 


3. 


Fuselage-diverter  and  fuselage-surface  static- 
pressures:  The  Short  Splitter-Plate  configuration 

with  its  longer-edge  distance  was  fairly  insensi- 
tive to  inlet-flow  variations.  The  long  config- 
uration with  a shorter-edge  distance  showed  con- 
siderable sensitivity  to  inlet  airflows  on  those 
pressure  taps  that  were  ahead  of  the  inlet-lip 
station.  Similarly,  the  fuselage-surface  static 
pressure  measurements  on  the  long  configuration 
were  more  sensitive  to  the  airflow  variations. 

Thus , it  is  concluded  that  the  higher  sensitivity 
to  inlet  airflow  variations  displayed  by  the  Long 
Splitter-Plate  Inlet  was  due  to  insufficient  fuse- 
lage boundary-layer-channel  flow  area  that  re- 
sulted in  spillage  into  the  inlet.  However,  on 
the  Short  Splitter-Plate  Inlet,  it  is  speculated 
that  spillage  into  the  inlet  was  less  of  a prob- 
lem. This  is  based  on  the  compressor- face  map  in 
Figure  27  since  throat-map  data  are  not  available. 

4.  Duct  outboard  bend:  The  defect  at  the  compressor 

face  due  to  the  duct  bend  discussed  earlier  is 
also  evident  in  Figure  27. 


4.1.2  Mach  0.5 

I 

I A limited  amount  of  Mach  0.5  data  was  taken  on  the  Basic 

Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82  and  on  the 
Short-Plow/Splitter-Plate  Inlet  at  B.L.  45.64  at  0.5  Mach 
in  PWT  16S.  These  data  were  obtained  with  the  tunnel  in  an 
unstarted  flow  condition  to  get  some  subsonic-performance 
data  for  the  inlets  prior  to  the  16T  tests.  From  the  data 
presented  in  Figures  28  and  29,  it  was  concluded  that  there 
was  essentially  no  differences  in  the  configurations.  This 
is  best  seen  in  the  compressor-face  contour  maps.  Both  con- 
I . tain  the  same  duct  outboard-bend,  low-energy  defect,  and  both 

I , give  some  indication  of  splitter-plate  spillage.  But  since 

throat-map  data  was  not  taken  for  these  configurations  at 
Mach  0.5,  no  absolute  conclusions  could  be  reached. 


4.1.3  Mach  0.85 

Mach  0.85  was  a primary  test  condition  for  evaluating 
the  configurations  tested  in  PWT  16T.  It  also  provided  an 
opportunity  to  obtain  data  on  the  inlet  flow-field  (at  a 
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i 1 1 • t- f low- field  data  for  the  Short-Plow/Spl i tter-Pla te  Inlet 
5.82  at  a = 2°  and  B - 0°. 
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subsonic  Mach  number)  that  was  not  available  iroir.  the  earlier 
16S  tests  at  Mach  0.5. 

F.S.  390  fuselage  boundary-layer  data  as  a function  of 
angle  of  attack  and  angle  of  sideslip  art  presented  in  Fig- 
ure 30.  These  data  are  very  similar  to  the  data  obtained 
at  Mach  1.6  and  show  that  a body  vortex  is  not  present.  The 
presented  data  also  shows  that  locating  the  inlet  at  B.L. 
43.82  provides  adequate  standoff  distance  from  the  fuselage 
for  the  inlet  to  receive  high-energy  air. 

Right-hand  inlet  throat-pressure  contour  maps  for  the 
Basic  Inlet  located  at  B.L.  43.82  are  shown  in  Figure  31. 
These  data  are  for  an  inlet  corrected  airflow  of  310  lb/sec 
for  the  angle-of -attack  and  sideslip  angles  of  Figure  30. 

It  can  be  seen  from  these  throat  maps  that  an  increase  in 
low-energy  air  on  the  inboard  wall  occurs  as  the  angle  of 
attack  is  increased.  The  source  of  the  low-energy  air  could 
be  due  to  spillage  of  the  fuselage-boundary- layer  air  into 
the  inlet,  due  to  the  lack  of  compression  on  the  splitter 
plate  because  it  was  parallel  to  the  centerline  of  the  model, 
or  due  to  a vortex  that  may  be  generated  along  the  swept 
leading  edge  of  the  splitter  plate  because  it  is  at  an  angle 
of  attack  to  the  approaching  flow.  io  alleviate  the  source 
of  the  low-energy  air,  some  cambering  (inboard)  of  the  plate 
leading  edge  could  possibly  help.  Additional  testing  would 
be  necessary  to  verify  that  cambering  would  alleviate  this 
flow  condition,  but  it  appears  to  be  a problem  that  can  be 
readily  solved. 

The  compressor- face  maps  shown  in  Figure  32  completes 
the  data  for  analysis  of  the  310-lb/sec  flow  conditions. 
Evidence  of  the  duct  bend  and  inboard  low-energy  air  is  ap- 
parent. However,  as  angle  of  attack  is  increased,  the  high- 
energy  air  goes  to  the  lower  portion  of  the  duct. 

To  complete  the  flow-field  analysis  at  Mach  0.85  for 
the  Basic  Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82, 

:W  Figures  33  and  34  are  presented.  The  data  in  Figure  33  show 

the  effect  of  angle  of  attack  for  the  high-airflow  (357-lb/ 
sec)  case,  and  the  data  in  Figure  34  show  similar  data  for 
an  airflow  excursion  at  r>"  angle  of  attack. 
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4.1.4  Mach  1.2 


A set  of  fuselage  boundary- layer  data  and  a correspond- 
ing set  of  throat-map  data  are  presented  for  Mach  1.2  in 
Figures  35  and  36  for  the  Basic  Long-Plow/Splitter-Plate 
Inlet  located  at  B.L.  43.82.  Figure  37  is  a composite  data 
plot  for  the  5°-angle-of-attack  and  0°-angle-of-sideslip 
test  condition.  The  observations  and  comments  made  at  the 
other  Mach  numbers  also  apply  at  Mach  1.2. 


4.1.5  Research  Model  Flow  Field  Versus 
Mach  Number 

A survey  of  the  research  model  inlet  flow  field  from 
Mach  0.85  to  Mach  1.6  is  shown  in  Figure  38.  The  signifi- 
cant observations  are  that  the  throat-pressure  defect  deepens 
and  encompasses  a larger  portion  of  the  throat  area  as  the 
freestream  Mach  number  increases.  It  also  appears  that  the 
throat-pressure  defect  moved  up  from  the  Throat  Rakes  4-5 
position  to  the  Throat  Rake  3 position  when  the  inlet  was 
in  the  more  outboard  position.  Thus,  the  more  outboard  po- 
sition (or  increasing  the  in let  standoff  distance)  does  not 
alleviate  the  spillage  into  the  inlet.  This  tends  to  forti- 
fy the  theory  that  fuselage-boundary-layer  air  is  spilling 
into  the  inlet  due  to  insufficient  flow  divergence  and  that 
improving  the  fuselage  boundary-layer  system  is  necessary 
to  improve  inlet  flow  conditions  that  will  result  in  better 
engine/inlet  compatibility.  Improving  inlet  performance 
and  engine/inlet  compatibility  by  improving  the  fuselage 
boundary- layer  system  appears  to  be  more  desirable  than 
moving  the  inlet  outboard  because  it  can  be  done  without  in- 
creasing an  airplane's  cross-sectional  area. 

An  examination  of  the  compressor-face  maps  in  Figure  38 
reveals  that  the  fundamental  pattern  is  unchanged.  The 
throat-pressure  defect  simply  divides.  Some  of  the  lower- 
energy  air  moves  up  to  the  315°  position  while  the  rest 
moves  to  the  225°  or  180°  position.  At  a first  glance  it 
might  be  concluded  that  this  is  not  true  at  Mach  1.6.  How- 
ever, further  examination  of  Figure  25a  reveals  that  it  is 
also  true  at  the  higher  airflows. 
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Figure  34.  Ma  = 0.85  inlet- flow-field  data 
Basic  Long-Plow/Splitter-Plate 
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Figure  38.  Inlet  flow  field  versus  Mach  nvl 
Plate  Inlet  at  B.L.  43.82  at  d 


Model  fuselage  flow- field  survey  data  for  the  F-lll 
and  the  research  model  are  presented  in  Figure  39.  It  can 
be  seen  from  these  contour  plots  that  the  flows  are  similar 
except  that  the  boundary  layer  on  the  research  model  is 
thicker.  Some  increased  thickness  was  expected  because  the 
fuselage  on  the  research  model  extends  73  inches  further 
forward  of  the  inlet  than  it  does  on  the  F-lll,  but  the  in- 
creased thickness  on  the  research  model  is  greater  than  an- 
ticipated from  turbulent  boundary- layer  flat-plate  theory. 

Table  3 contains  a list  of  flat-plate  boundary- layer 
heights  predicted,  with  the  aid  of  Reference  4,  for  several 
assumed  Mach-altitude  conditions.  Shown  in  the  table  are 
boundary- layer  thicknesses  calculated  at  F.S.  390  and  F.S. 

440.  For  the  conditions  shown,  the  predicted  increased 
thicknesses  for  the  research  model  over  the  F-lll  would 
range  between  1 and  1.2  inches  (full  scale).  Thus,  moving 
the  inlet  outboard  to  B.L.  45.64  (the  location  at  which  the 
splitter-plate-rake  data  were  recorded  at  Mach  1.6)  from 
, B.L.  43.82  (a  movement  of  1.82  inches)  should  have  more  than 

compensated  for  the  added  thickness  expected  and  the  flow 
into  the  inlet  should  have  been  good  if  the  fuselage  boundary- 
layer  system  was  accepting  its  flow  properly. 

However,  an  additional  factor  possibly  enters  into  the 
analysis.  All  of  the  F-lll  model  test  data  shown  in  Figure 

39  were  obtained  with  boundary- layer  transition  grit  on  the 
fuselage  nose.  As  stated  earlier,  no  transition  strip  was 
used  for  the  research  model  tests.  This  omission  possibly 
resulted  in  an  abnormally  thick  boundary  layer  on  the  re- 
search model. 

A comparison  of  the  fuselage-boundary- layer  heights  at 
F.S.  390  as  measured  on  the  models  and  the  calculated  flat- 
» plate  heights  for  the  test  Reynolds  numbers  for  the  F-lll 

I and  the  research  model  are  presented  in  Table  4.  When  the 

data  in  the  table  are  examined,  it  can  be  seen  that  the 
measured  heights  were  always  less  than  the  calculated  flat- 
plate  heights  for  the  F-lll.  With  the  exception  of  Mach  1.6, 
the  opposite  was  true  on  the  research  model.  And  the  great- 
est difference  (0.418  inches)  occurred  at  Mach  1.2.  The 
difference  at  Mach  0.85  was  0.384  inches.  Shown  in  Figure 

40  are  the  calculated  flat-plate  boundary- layer  heights  for 
the  research  model  test  Reynolds  number,  relative  to  the 


81 


Table  3 


RESEARCH  MODEL  PREDICTED  FLAT-PLATE  BOUNDARY -LAYER  HEIGHTS 


M 
1 ‘o 

Altitude- 

Feet 

RN/Ft 

X10'6 

&/£ 

8 - in. 

(Sta.390) 

8-  in 
(Sta.  441 

.55 

S.L. 

3.905 

.016 

7.46 

8.26 

.85 

S.L. 

6.035 

.0154 

7.18 

7.95 

.85 

30K 

2.420 

.0167 

7.78 

8.62 

1.4 

30K 

3.987 

.0159 

7.41 

8.20 

1.6 

50K 

1.888 

.0169 

7.88 

8.72 

2.0 

50K 

2.359 

.0165 

7.69 

8.51 

NOTE : £ = 

466  inches 

at  Sta.390 

and  516  inches 

at  Sta.440 
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MODEL  BOUNDARY  LAYER  HEIGHT  AT  FUSELAGE  STATION  390 
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measured  data,  for  Mach  0.85  and  1.2.  Making  an  adjustment 
of  this  type  to  the  research  model's  boundary- layer  data  to 
account  for  the  lack  of  a transition  strip  seems  i*easonable 
after  examining  the  F-lll  test  results. 

An  additional  search  of  F-lll  model  and  flight  test 
data  was  conducted  to  ensure  that  the  above  adjustments 
to  the  research  model's  boundary  layer  were  reasonable. 

Shown  in  Figure  41  are  some  comparison  data  of  the  fuselage 
boundary- layer  profiles  as  measured  on  a flight- test  air- 
plane and  on  the  l/6-scale  inlet  model.  It  can  be  seen  from 
the  figure  that  the  full-scale  airplane  has  the  better  pro- 
file at  the  TP  II  inlet  spacing.  Therefore,  since  the  air- 
plane boundary-layer  profile  is  better  than  the  model  boundary- 
layer  profile  obtained  (as  well  as  it  can  be  established  at 
this  time)  with  transition  grit  for  the  F-lll  and  since  the 
boundary-layer  profiles  measured  on  the  F-lll  models  when 
tested  with  transition  grit  show  a thinner  boundary  layer 
than  that  calculated  by  flat-plate  theory,  it  seems  conser- 
vative to  adjust  the  boundary-layer  height  on  the  research 
model  to  the  theoretical  flat-plate  height  to  compensate 
for  the  lack  of  transition  grit  during  the  tests.  With  a 
boundary  layer  of  this  thickness  or  less,  spillage  into  the 
inlet  may  have  been  minimized  or  eliminated.  Undoubtedly, 
the  inlet's  performance  and  operation  would  have  been  en- 
hanced if  this  had  been  true. 

The  data  shown  in  Figure  41  for  Mach  2.2  represent  the 
similar  results  prevailing  at  the  lower  Mach  numbers.  Addi- 
tional inlet  flow- field  data  drawn  from  the  F-lll  program 
are  shown  in  Figures  42  and  43.  In  Figure  42,  flight-test 
fuselage  boundary- layer  profiles  are  shown  for  Mach  1.6  to 
2.2.  Shown  in  Figure  43  are  model  inlet-face  pressure  data 
at  Mach  2.2  for  the  TP  II  inlet,  located  at  B.L.  43,  that 
can  be  used  with  the  model  data  shown  in  Figure  41.  These 
data  indicate  good  flow  to  the  TP  II  inlet  up  through  16° 
angle  of  attack  - spillage  of  the  boundary-layer  air  into 
the  inlet  is  not  a problem  when  the  boundary- layer  system 
handles  the  flow  properly. 

4.1.7  Alternate  Splitter-Plate 
Configurations 

The  data  analysis  performed  immediately  following  the 
test  in  16S  allowed  the  conclusion  that  a classical  shock- 
boundary layer  interaction  problem  existed  at  Mach  1.6 
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between  the  normal  shock  and  the  fuselage  boundary  layer. 
Because  of  that  conclusion,  two  alternate  splitter-plate 
configurations  were  designed  and  fabricated  for  the  PWT  16T 
tests . 


In  Figure  44,  throat-map  data  for  the  Basic  Long-Plow/ 
Splitter-Plate  Inlet,  Alternate  Splitter-Plate  No.  1,  and 
Alternate  Splitter-Plate  No.  2 at  Mach  0.85  are  presented. 
Indications  are  that  each  modification  made  an  improvement. 
However,  as  angle  of  attack  was  increased  on  all  the  config- 
urations and  the  fuselage  boundary  layer  thickened  as  seen 
in  Figures  30  and  33,  increased  spillage  into  the  inlet  oc- 
curred . 

A comparison  of  the  Basic  Splitter  Plate  and  the  Alter- 
nate Splitter-Plate  No.  2 at  Mach  1.5  is  shown  in  Figure  45. 
The  gain  that  was  observed  at  Mach  0.85  with  Alternate 
Splitter-Plate  No.  2 was  not  realized  at  Mach  1.5.  Instead, 
the  throat  maps  indicate  degraded  flow  with  the  larger  split- 
ter plate.  This  degradation  is  attributed  to  the  spillage 
resulting  from  insufficient  divergence  of  the  fuselage 
boundary- layer- flow  channel  between  the  enlarged  splitter 
plate  and  the  fuselage. 

4.1.8  Effect  of  Splitter-Plate  Size/ 

Standoff -Distance 

Since  throat-map  data  are  not  available  at  Mach  0.85  for 
the  inlet  located  at  B.L.  45.64,  the  effect  of  splitter-plate 
size  and  standoff  distance  must  be  analyzed  by  use  of  the 
compressor- face  maps  shown  in  Figure  46.  From  the  figure,  it 
appears  that  moving  the  inlet  outboard  makes  a bigger  improve- 
ment than  enlarging  the  splitter  plates.  This  conclusion  was 
reinforced  by  lower  distortion  in  the  outboard  position. 

4.1.9  Flow  Field  Summary 

A summary  of  all  of  the  flow-field  analyses  discussed 
in  the  previous  subsections  is  presented  here.  As  stated 
earlier,  the  conclusion  reached  after  the  16S  tests  was  that 
a shock-boundary  layer  interaction  problem  was  occurring. 

This  conclusion  was  based  primarily  on  the  works  of  Seddon 
contained  in  References  5 and  6.  In  his  papers,  Seddon 
shows  that  separation  will  occur  on  flat  plates  from  shock 
boundary- layer  interaction  when  the  strength  of  the  normal 
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shock  exceeds  Mach  1.3  (approximately)  unless  special  pre- 
cautions are  taken  to  prevent  it.  Since  the  data  being 
analyzed  was  for  Mach  1.6  and  above  and  since  the  pressure 
data  depicted  flow  conditions  similar  to  those  shown  by 
Seddon,  a logical  conclusion  that  a shock  boundary- layer 
interaction  problem  existed  was  reached. 

However,  after  the  16T  tests,  when  the  Mach  0.85  data 
was  analyzed  and  showed  similar  throat-flow  patterns  without 
the  presence  of  normal  shocks,  it  had  to  be  concluded  that 
fuselage-boundary-layer  spillage  past  the  splitter  plate  was 
entering  the  inlet. 

The  spillage  theory  was  further  substantiated  from  the 
16T  tests  when  the  inlet-throat  flow  conditions  at  Mach  1.2 
and  1.4  did  not  improve  over  those  recorded  at  Mach  1.6  in 
16S  although  the  strength  of  the  normal  shock  was  reduced 
below  the  predicted  separation  Mach  number  of  1.3. 

Thus,  with  the  Mach  1.6  flow-field  rake  data  and  sub- 
sonic test  results,  it  is  now  concluded  that  spillage, 
rather  than  separation  due  to  shock  boundary- layer  inter- 
action, is  the  primary  problem  with  the  research  model  inlet 
as  designed  and  tested.  As  noted  before,  modifications  to 
the  fuselage  boundary-layer  system  can  be  made  that  should 
result  in  an  improvement  to  inlet  operation  and  to  engine/ 
inlet  compatibility.  The  details  of  the  proposed  revisions 
are  discussed  in  the  following  subsection. 


4.1.10  Fuselage  Boundary-Layer 
System  Modifications 

In  the  preceding  sections,  spillage  of  the  fuselage- 
boundary-layer  air  into  the  inlet  was  discussed  in  detail. 
Correction  of  this  spillage  problem  would  be  desirable  to 
improve  inlet  operation  and  engine/inlet  compatibility  for 
operation  to  Mach  1.6  or  higher. 

An  exact  cause  for  spillage  of  the  fuselage  boundary 
layer  into  the  inlet  has  not  been  definitely  established. 
However,  with  the  testing  that  has  been  done,  the  following 
potential  solutions  are  recommended.  These  include: 
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1.  Providing  greater  flow  area  for  the  fuselage 
boundary  layer  by  indenting  the  fuselage  and  using 
the  short  plow  with  the  long  or  a modified  split- 
ter plate. 

2.  Blunting  or  cambering-in  the  splitter-plate  lead- 
ing edge  to  reduce  any  effect  of  flow  misalignment. 

3.  Some  combination  of  1 and  2. 

Figure  47  is  a sketch  showing  the  modified  system  that 
incorporates  the  changes  listed  above. 

As  shown,  the  short  plow  replaces  the  long  plow  and 
the  fuselage  is  indented  along  the  splitter-plate  leading 
edge.  The  barred  region  shows  the  increased  flow  area  that 
is  obtainable  with  such  a modification.  Other  potential 
changes  are  to  combine  modifying  the  splitter-plate  size  and 
shape  with  a fuselage  indentation  to  match  and  blunting  or 
cambering-in  the  splitter-plate  leading  edge.  Modifications 
of  these  types  could  be  tested  and  evaluated  with  a minimum 
of  additional  testing.  Such  modifications  would  provide 
greater  splitter  plate  leading  edge  to  plow  distance,  in- 
creased flow  area,  improved  flow  divergence,  and  a more 
favorable  pressure  gradient  behind  the  plate.  The  right  com- 
bination of  these  configuration  changes  will  alleviate  the 
spillage  problem. 

4.2  INTERNAL  DUCT  FLOW 

Earlier  in  the  discussion  it  was  mentioned  that  the 
low-pressure  region  appearing  in  the  compressor-face  contour 
maps  at  the  three  o'clock  position  was  the  result  of  flow 
separation  due  to  the  outboard  bend  in  the  duct.  This  bend 
can  be  seen  by  referring  to  the  sketch  shown  in  Figure  5. 

But  inasmuch  as  this  was  not  a development  program,  a re- 
vision to  the  inlet  duct  lines  was  beyond  the  scope  of  this 
test  program.  But  since  the  flow  defect  was  recognized  from 
the  16S  data,  alternate  approaches,  such  as  duct  vortex 
generators  (VGs)  and  duct  blowing,  were  evaluated  in  the  16T 
test.  Both  the  VGs  and  blowing  were  installed  on  the  in- 
board duct  wall  in  an  effort  to  energize  the  low-energy 
spillage  air  but  neither  are  effective.  However,  both  the 
VGs  and  the  duct  blowing  were  effective  in  improving  the 
flow  along  the  outboard-wall  bend  where  separation  occurred 
as  shown  in  Figure  48.  Both  are  effective  at  5°  angle  of 
attack  and  below  but  are  not  effective  at  10°  and  above. 
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The  reason  is  because  the  high-energy  air  entering  the  inlet 
tends  to  flow  along  the  upper  part  of  the  duct  as  angle  of 
attack  is  increased,  pushing  the  separated  low-energy  air 
toward  the  bottom  of  the  duct. 

Inlet  pressure  recovery  decreased  from  0.967  to  0.964 
with  VG  Pattern  3,  as  shown  in  Figure  48.  However,  inlet 
pressure  recovery  increased  from  0.972  to  0.975  with  duct 
blowing.  This  improvement  was  obtained  with  a blowing  flow 
rate  of  less  than  1%  of  the  inlet  (engine)  airflow.  Conse- 
quently, it  was  demonstrated  that  the  duct-bend  separation 
problem  can  be  corrected  with  VGs  or  duct  blowing  without 
redesigning  the  inlet  duct. 

4.3  INLET  PERFORMANCE 

Inlet  performance  (pressure  recovery,  distortion,  and 
turbulence)  at  Mach  1.6  for  the  four  inlet  configurations 
evaluated  on  the  left-hand  side  of  the  model  is  shown  in 
Figures  49,  50,  and  51.  All  four  configurations  were 
tested  with  the  same  inlet  duct  designed  for  a throat  Mach 
number  of  0.8.  A fifth  conf iguration , the  Basic  Long-Plow/ 
Splitter-Plate  located  at  B.L.  45.64,  designed  for  a throat 
Mach  number  of  0.7,  was  evaluated  on  the  right-hand  side  of 
the  model.  No  performance  data  for  the  right-hand  inlet 
are  shown  in  this  report  because  the  smaller  inlet  had  good 
performance  and  was  the  primary  configuration.  Right-hand 
inlet  performance  data  may  be  obtained  from  Reference  3. 

From  the  data  presented  in  Figure  49,  it  can  be  seen 
that  the  Short  Splitter-Plate  Inlet  had  the  higher  pressure 
recovery.  Also,  a very  small  gain  in  pressure  recovery  was 
realized  when  this  inlet  was  moved  outboard  to  B.L.  45.64 
from  B.L.  43.82.  However,  when  the  Basic  Long-Plow/Splitter- 
Plate  Inlet  was  moved  to  the  most  outboard  position  of  B.L. 
47.45,  a loss  in  pressure  recovery  occurred.  This  loss  is 
attributed  to  the  higher  local  Mach  numbers  to  which  the 
inlet  was  exposed. 

Purely  on  the  basis  of  the  performance  of  these  four 
inlet  configurations,  the  Short-Plow  and  Splitter-Plate  In- 
let at  B.L.  43.82  would  have  been  selected.  However,  this 
was  a research  inlet  test  program  to  determine  how  well  a 
simple,  open-nose,  normal-shock  inlet  would  operate  in  a 
wing-body  flow  field  with  the  intent  to  extend  the  data  base 
for  inlet  designs.  It  was  not  intended  to  select  an  optimum 
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Figure  49.  Mq  = 1.6  inlet  pressure  recovery 
of  four  inlet  configurations. 
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configuration.  In  addition,  this  research  inlet  program  was 
dollar-limited , which  did  not  permit  great  flexibility.  Con- 
sequently, the  number  of  inlet  configurations  were  limited 
and  had  to  be  preselected.  Thus,  the  Basic  Long-Plow  and 
Splitter-Plate  Inlet  with  a throat  Mach  number  of  0.8  was 
preselected  as  the  primary  configuration.  Similarly,  the 
Short-Plow  and  Splitter-Plate  Inlet  was  preselected  as  a 
secondary  configuration  to  be  evaluated  at  Mach  1.6.  There- 
fore, a performance  documentation  of  the  Basic  Long-Plow/ 
Splitter-Plate  Inlet  at  B.L.  43.82  was  made  up  to  Mach  2.0 
in  16S.  Documentation  of  this  basic  configuration  across 
the  Mach  range  was  then  completed  in  16T.  The  full  set  of 
inlet  performance  data  for  5°  aipha,  0°  beta,  from  Mach  0.55 
to  2.0,  are  shown  in  Figures  52  through  60.  This  same  set 
of  inlet  pressure  recovery  data  was  presented  relative  to 
the  predicted  inlet  pressure  recovery  in  Figure  2. 

A second  set  of  inlet  performance  data  was  obtained 
for  the  Basic  Long-Plow  and  Splitter-Plate  Inlet  located  at 
B.L.  45.64  for  Mach  0.55  to  Mach  1.5.  These  data  are  pre- 
sented in  Figures  61  through  Figure  66. 

I 

Inlet  performance  comparisons  at  Mach  0.85  for  the 
Basic  Long-Plow/Splitter-Plate  Inlet  located  at  B.L.  43.82, 
at  B.L.  45.64,  and  for  two  VG  patterns  installed  with  the 
inlet  at  B.L.  45.64  are  presented  in  Figures  67  and  68.  The 
data  in  these  figures  show  that  VG  Pattern  2 reduced  both 
inlet  pressure  recovery  and  distortion.  VG  Pattern  3,  which 
worked  on  correcting  the  outboard-bend  defect,  decreased 
inlet  distortion  without  reducing  inlet  pressure  recovery. 
Moving  the  inlet  outboard  showed  no  effect  on  pressure  re- 
covery, but  it  did  reduce  inlet  distortion.  Thus,  it  was 
decided  to  test  and  document  inlet  performance  across  the 
Mach  range  for  the  inlet  at  B.L.  45.64  as  a backup  config- 
- , uration  for  improved  engine/inlet  compatibility. 

Finally,  the  Basic  Inlet  and  Alternate  Splitter  Plate 
No.  2 at  B.L.  43.82  are  compared  in  Figures  69  through  72. 
t At  Mach  0.85,  no  change  in  pressure  recovery  was  seen  at 

5°  angle  of  attack.  But  Alternate  Splitter  Plate  No.  2 re- 
sulted in  some  increase  in  distortion  at  those  test  condi- 
tions. At  Mach  1.5,  the  alternate  splitter  plate  resulted 
in  losses  in  both  pressure  recovery  and  distortion.  Conse- 
quently, Alternate  Splitter  Plate  No.  2 by  itself,  without 
any  modification  to  the  fuselage  to  improve  the  fuselage 
boundary- layer  flow  path,  did  not  achieve  the  improvements 
that  were  anticipated. 
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Figure  61.  Mp  - 0.55-0.85  inlet  pressure  recovery  for 
the  Basic  Long-Plow/Splitter-Plate  Inlet 
at  B.L.  45.64. 
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Figure  69.  Mq  = 0.85  inlet  pressure  recovery  of  the  Basic 

Long  Splitter  Plate  and  Alternate  Splitter  Plate 
No.  2 at  a = 5°  and  /S  = 0°. 
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Figure  71.  Mq  = 1.5  inlet  pressure  recovery  of  the 
Basic  Long  Splitter  Plate  and  Alternate 
Splitter  No.  2 at  a =5°  and  /3  = 0° . 


In  summary,  inlet  pressure  recovery  for  the  Basic  Lon 
Plow/Splitter- Plate  Inlet  is  acceptable  over  the  full-Mach 
range  tested  in  either  the  B.L.  43,82  or  B.L,  45.64  posi- 
tion. Inlet  distortion  is  somewhat  lower,  however,  with 
the  inlet  in  the  B.L.  43.64  position. 


4.4  ENGINE/INLET  COMPATIBILITY 


Acceptable  engine/inlet  compatibility  is  an  important 
consideration  in  the  design  and  development  of  modern  in- 
lets. In  certain  applications  of  the  inlet,  compatibility 
can  be  even  more  important  than  the  inlet  pressure  recovery 
Therefore,  extensive  analyses  were  performed  to  assess  the 
compatibility  of  the  research-model  open-nose  inlet  and  the 
F101  engine. 


The  following  paragraphs  contain  a description  of  the 
analysis  techniques,  the  results  of  the  eompatibi J ity  assess 
ments  , and  an  extension  of  the  test  results  to  predict  the 
improvement  in  compatibility  when  the  low-energy  defect 
(Subsection  4.2)  is  eliminated  from  the  compressor  face. 

It  is  shown  that  engine/inlet  compatibility  is  very  good 
with  the  Basic  Long-Plow/Splitter-Plate  Inlet  positioned  at 
either  B.L.  43.82  or  B.L.  45.64  when  the  low-e  nergy  defect 
is  corrected. 


4.4.1  Hi-Response  Data  Analysis  Techniques 


Ihe  left-hand  compressor  face  of  the  model  was  instru- 
mented with  40  hi-response  and  40  steady-state  pressure 
probes , located  on  centroids  of  equal  areas  (Figure  20) . 

The  purpose  of  the  hi-response  probes  was  to  provide  time- 
variant  data  with  which  instantaneous  distortion  could  be 
evaluated  and  subsequently,  engine/inlet  compatibility  could 
be  assessed.  A complete  description  of  the  hi-response  data 
acquisition,  recording,  processing  techniques,  and  distor- 
tion methodology  is  given  in  Reference  7. 


The  various  steps  of  the  hi-response  analysis  leading 
to  the  compatibility  assessment  are  depicted  in  Figure  73. 
From  the  total  number  of  test  conditions  for  a given  con- 
figuration, various  conditions  are  selected  for  screening 
on  the  Analog  Distortion  Analyzer  (ADA).  The  ADA  continu- 
ously calculates  distortion  for  the  entire  30  seconds  of 
recorded  data  and  denotes  the  peak  value  of  distortion  and 


where  it  occurs  in  time.  Then,  for  most  of  the  screened 
test  conditions,  a 0.2-second  sample  of  data  containing  the 
peak  value  of  distortion  is  digitized  and  processed  through 
GE's  digital  distortion  deck  (on  production  at  General 
Dynamics).  The  digital  values  of  distortion  are  then  used 
to  plot  an  estimated  compatibility  envelope  at  various  Mach- 
altitude  combinations. 


Throughout  this  report  the  term  ID  denotes  the  GE  sta- 
bility index.  A value  of  ID  less  than  1 indicates  accept- 
able engine/inlet  compatibility,  and  a value  equal  to  or 
greater  than  1 indicates  potential  engine  surge.  Values  of 
ID  superscripted  by  an  were  computed  on  the  ADA;  non- 
superscripted  values  were  computed  digitally. 

The  GE  distortion  deck  also  calculates  values  of  the 
distortion  parameters,  KD2 , used  for  the  TF30  engines.  It 
was  pointed  out  earlier  that  the  inlet  flow  field  of  this 
research  inlet  and  the  F- 111  are  similar.  Since  TF30  en- 
gines were  used  in  all  versions  of  the  F-lll,  the  value  of 
KD2  generated  by  the  compressor- face  pattern  that  produced 
the  peak  value  of  ID  is  given  herein  as  a convenient  refer- 
ence for  those  who  wish  to  compare  this  research  inlet  to 
the  F-lll  inlets. 

The  engine/inlet  compatibility  assessment  of  the  F101 
engine  and  the  advanced  research  inlet  was  based  on  the 
flight  (Mach-altitude)  envelope  given  in  Figure  74.  Although 
this  flight  envelope  was  arbitrarily  chosen,  it  is  thought 
to  be  representative  of  the  requirements  that  would  be  im- 
posed on  an  aircraft  utilizing  this  engine/inlet  combination. 
The  compatibility  envelopes  that  follow  are  presented  from 
the  point  of  view  of  the  L/H  inlet  only;  i.e.,  at  positive 
B the  inlet  is  on  the  lee  side  of  the  fuselage  and  at  nega- 
tive B it  is  on  the  windward  side.  Hence,  the  negative  B 
side  of  the  envelope  typically  shows  a larger  area  of  surge- 
free  operation  than  the  positive  B side.  However,  for  a 
twin-engine  airplane  the  compatibility  envelope  must  be  a 
mirror-image  (symmetrical  about  B = 0°)  of  the  most  re- 
strictive direction  of  sideslip. 


130 


4.4.2  Compatibility  Assessment  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L. 
45.64 


4.4. 2.1  Basic  Inlet  Without  Vortex  Generators 

The  test  conditions  selected  for  hi-response  analysis 
of  the  Basic  Inlet  configuration  at  B.L.  45.64  are  listed 
in  Table  5 (2  pages).  The  estimated  compatibility  envelopes 
at  Mach  0.85,  1.2,  1.4,  and  1.5  are  given  in  Figures  75 
through  78.  A region  of  surge-free  operation  is  available 
at  all  Mach  numbers;  the  largest  region  is  available  at 
Mach  0.85  and  the  smallest  at  Mach  1.2.  These  envelopes 
were  generated  for  altitudes  along  the  upper  boundary  of 
the  assumed  clight  envelope  which  are  the  most  adverse 
flight  conditions  for  engine/inlet  compatibility.  Figures 
79  through  81  present  estimated  compatibility  envelopes  for 
lower  altitudes  at  Mach  1.2,  1.4,  and  1.5.  The  regions  of 
surge- free  operation  are  enlarged  significantly  at  each 
Mach  number. 


4. 4. 2. 2 Basic  Inlet  With  Vortex  Generator  Pattern  3 

Earlier  in  Section  4 it  was  pointed  out  that  a low- 
energy  region  existed  at  the  compres sor- face  as  a result  of 
flow  separation  over  the  bend  in  the  duct.  VG  Pattern  3, 
Figure  13,  was  tested  on  the  Basic  Long-Plow/Splitter-Plate 
Inlet  at  B.L.  45.64  to  evaluate  its  effect  on  the  low-energy 
region.  This  configuration  was  tested  at  Mach  0.85  and 
1.4.  The  data  show  a great  improvement  in  the  steady-state 
compressor- face  patterns,  Figure  48,  demonstrating  that  the 
low-energy  region  can  be  corrected  without  major  redesign 
of  the  inlet  and  duct. 

Those  test  conditions  selected  for  the  hi-response 
analysis  of  this  configuration  are  given  in  Table  6.  The 
compatibility  envelopes  for  this  configuration  are  given  in 
Figures  82  and  83  for  Mach  0.85  and  1.4,  respectively.  At 
Mach  0.85,  surge-free  operation  is  available  at  all  tested 
angle-of-attack  and  sideslip  combinations.  At  Mach  1.4 
surge-free  operation  is  available  out  to  a sideslip  of  2° 
for  angle  of  attack  between  0°  and  10.6°,  and  at  0°  sideslip 
surge- free  operation  is  indicated  up  to  a angle  of  attack 
of  15°  or  more.  These  envelopes  were  generated  for  altitudes 
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Table  5 


4 


SUMMARY  OF  POINTS  SELECTED  FOR  HI- RESPONSE  ANALYSIS 
BASIC  LONG-PLOW/SPLITTER-PLATE  INLET  AT  B.L.  45.64 

(Page  1 of  2) 
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5/9,  .354  .9C7  0.96 
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.949:5- 5! 
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.9 23  2.36 % .8/0 
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: 

s/ 
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• O/ 2 


V 
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. 63 1 
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.832 


,.957  ./■  03  .814 
..95/4.26  ,792. 
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*.723  
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1.033  1029 
■*<-.966  

4 .987. 
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* i.O/3  — — 

' .336  - 


73S 


. .369  583  ’ 
.933.  736  . 
.1.17/  931  . 
* 1-27 / . 

, 1.075  759 
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t/.  0_4o  - - 

4,0.49.  603 
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A/./£4  

*1.323  

1.00 3 72i 
* ■ 985  
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935 
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.953 

l.  /£  ' 

. 792  i 
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333 

1.929 

/.  40 
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* 776 

333 

,930 

1.29 
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*,653. 
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i .925 

1.54 

.475  i 

*.  165 

77/ 

J./7S  !Z\0 

.1.037  959 

707. 


*Denotes  value  of  ID  from  analog  compute'! 
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Table  5 (Corn'd) 

SUMMARY  OF  POINTS  SELECTED  FOR  HI- RESPONSE  ANALYSIS 
BASIC  LONG- PLOW / SPLITTER- PLATE  INLET  AT  B.L.  45.64 


(Page  2 of  2) 
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— 
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\ 
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[553-1  1.5 

/ o/z- 

3-5S 
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I3/Z 

) 

.938 

1.51 
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1.0921254. 
.36  2 669 

556-1  ( 

13/p 

L 

.950 

/.1 3 

.169 

557-  / 1 /•  5 

I3/-2 

3 33 

.353 

1.00 

.773 

' : 
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r ' 1 

I 

^Denotes  value  of  ID  from  analog  computer 
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Numbers  shown  are  values 
of  ID  given  in  Table  5 
^Denotes  value  of  ID  from  analog  computer. 


Figure  75.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Sp litter-Pla te  Inlet  at  B.L.  45.64 
with  Mc  =0.85  and  altitude  = 35,500  ft. 
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Numbers  shown  are  values 
of  ID  given  in  Table  5 
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Figure  76.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  45.64 
with  M0  = 1.2  and  altitude  = 45,000  ft. 


I 


136 


Numbers  shown  are  values 
of  ID  given  in  Table  5 
*Denotes  value  of  ID  from  analog  computer. 
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Figure  77.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Sp 1 itter-Plate  Inlet  at  B.L.  45.64 
with  Mjj  = 1.4  and  altitude  = 48,000  ft. 
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Numbers  shown  are  values 
of  ID  given  in  Table  5 

*Denotes  value  of  ID  from  analog  computer. 
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Figure  78.  Estimated  compatibility  envelope  of  the  Basic 
Long-P low/Spl itter-Plate  Inlet  at  B.L.  45.64 
with  M„  = 1.5  and  altitude  = 49,500  ft. 


Numbers  shown  are  values  of  ID 
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Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  45.64 
with  M,,  = 1.2  and  altitude  = 36,000  ft. 
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Numbers  shown  are  values  of  ID 
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Figure  80.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  45.64 
with  M0  = 1.4  and  altitude  = 40,000  ft. 
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SUMMARY  OF  POINTS  SELECTED  FOR  HI- RESPONSE  ANALYSIS 
BASIC  LONG- PLOW /SPLITTER- PLATE  INLET  AT  B.L.  45.64 
VORTEX  GENERATOR  PATTERN  3 
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^'Denotes  value  of  ID  from  analog  computer 
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Numbers  shown  are  values 
of  ID  given  in  Table  6 
^Denotes  value  oi  ID  irom  analog  computer. 


GC 

>4  i 

\.B23 

© 


m. 
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Figure  82.  Estimated  compatibility  of  the  Basic  Long-Plow/ 
Splitter-Plate  Inlet,  with  Vortex  Generator 
Pattern  3,  at  B.L.  45.64  with  Mp  - 0.85  and 
altitude  = 35,500  ft. 
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Numbers  shown  are  values 
of  ID  given  in  Table  6 
^Denotes  value  of  ID  from  analog  computer 


Surge- free 
operation 


Estimated  compatibility  of  the  Basic  Long-Plow/ 
Splitter-Plate  Inlet,  with  Vortex  Generator 
Pattern  3,  at  B.L.  45.64  with  Mq  = 1.4  and 
altitude  = 48,000  ft. 


Figure  83 
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- 

\ 

along  the  upper  boundary  of  the  assuiaed  fli  ght  er  .do, 
patibility  is  even  better  at  Lower  altitudes. 


4 . 4 . 2 . 3 Evaluation  of  VG  Pattern  3 on  Engine / In le t Cc : 
patibl lit y 

Comparison  of  Figures  75  and  82,  and  Figures  77  and  83 
reveals  the  effect  of  the  vortex  generators  on  compatibility 
With  the  VGs  installed,  compatibility  is  enhanced  at  noth 
Mach  0.85  and  1.4.  This  supports  the  conclusion  of  Subsec- 
tion 4.2  that  this  VG  pattern  does  correct  the  defect.  Also 
these  results  illustrate  that  some  modification  Lo  th  g due  C 
bend  should  be  considered  prior  to  further  tests  of  the  r>  - 
search  inlet. 


4.4.3  basic  Long-Plow/Splitter-Plate  Inlet 
at  B.L.  43.82 


4.4.3. 1 Compatibility  Assessment 

The  points  selected  for  the  hi-responst  analysis  o 
the  Basic  Inlet  configuration  at  B.L.  43.82  are  listec  in 
Table  7.  The  estimated  compatibility  envelopes  for  Mach  0.8 
1.2,  1.4,  1.5,  1.6,  and  1.7  are  given  in  Figures  84  through 
89,  respectively.  Regions  of  surge- free  operation  are  avail 
abie  at  all  Mach  numbers  except  1.2;  however,  the  regions 
at  Mach  1.4  and  1.5  are  smaller  than  desired.  Again,  these 
envelopes  are  for  altitudes  along  the  upper  boundary  of  th  ■ 
assumed  flight  envelope.  Figures  90  through  92  present  tlu 
estimated  compatibility  envelopes  at  lower  altitudes  for 
Mach  1.2,  1.4,  and  1.5.  At  each  Mach  number  the  region  of 
surge-free  operation  is  enlarged.  However,  the  most  si.nifi 
cant  difference  occurs  at  Mach  1.2;  at  the  lower  altitude 
a region  of  surge- free  operation  is  available  whereas  at 
the  higher  altitude  there  was  none. 


4. 4. 3. 2 Predicted  Compatibility  With  the  Low-Energy  Defect 
Corrected 

The  Basic  Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
was  not  tested  with  VG  Pattern  3.  However,  the  improvement 
in  compatibility,  which  can  be  achieved  by  correcting  the 
low-energy  defect,  can  be  predicted  by  use  of  the  available 
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Table  7 

SUMMARY  OF  POINTS  SELECTED  FOR  HI-RESPONSE  ANALYSIS 
BASIC  LONG- PLOW /SPLITTER- PLATE  INLET  AT  B.L.  43.82 

(Page  1 of  3) 
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'234-1 
29Z-! 
2 S3- 1 
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. .962 . 0.6 ’7 

'.353  /JO 

■ 345  \l.49 
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^Denotes  value  of  ID  from  analog  computer 


SUMMARY  OF  POINTS  SELECTED  F(  :<  II  -RESPONSE  ANAL. : IS 
BASIC  LONG -PLOW / . , R-l  LA  ENLEI  AI  B.L. 

(Page  2 of  3) 
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^'Denotes  value  of  ID  from  analog  computer 


Table  7 (Conc'd) 


SUMMARY  OF  POINTS  SELECTED  FOR  HI -RESPONSE  ANALYSIS 
BASIC  LONG- PLOW /SPLITTER- PLATE  INLET  AT  B.L.  43.82 

(Page  3 of  3) 
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Numbers  shown  are  values 
of  ID  given  in  Table  7 

*Denotes  value  of  ID  from  analog  computer 
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Figure  84.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  Mo  = 0.83  and  altitude  = 35,500  ft. 
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Figure  85.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  MQ  = 1.2  and  altitude  = 45,000  ft. 
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Numbers  shown  are  values 
of  ID  given  in  Table  7 
*Denotes  value  of  ID  from  analog  computer 
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Figure  86.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  Mf,  = 1.4  and  altitude  = 48,000  ft. 
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Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  Mq  = 1.5  and  altitude  = 49,500  ft. 


Numbers  shown  are  values 
of  ID  given  in  Table  7 
*Denotes  value  of  ID  from  analog  computer 
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Figure  88.  Estimated  compatibility  envelope  of  the  Basic 
Long-P low/Sp 1 i ttcr-Plate  Inlet  at  B.L.  43.82 
with  MQ  =1.6  and  altitude  = 50,000  ft. 
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Numbers  shown  are  values 
of  ID  given  in  Table  7 
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Figure  89.  Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  M0  = 1.7  and  altitude  = 50,500  ft. 
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Figure  90.  Estimated  compatibility  envelope  o: • i-asic 

| Long-Plow/Splitter-P]ate  Inlet  jl  b.L.  4 j.S2 

with  M0  = 1.2  and  altitude  = 36,000  ft. 
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Figure  91 


Estimated  compatibility  envelope  of  the  Basic 
Long-Plow/Splitter-Plate  Inlet  at  B.L.  43.82 
with  M0  = 1.4  and  altitude  = 40,000  ft. 
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Estimated  compatibility  envelope  of  the  Basic 
Long-P low/Sp li t ter-Plate  Inlet  at  B.L.  43.82 
with  Mo  = 1.5  and  altitude  - 44,000  ft. 


data.  The  prediction  technique  and  the  predicted  compati- 
bility improvement  are  given  below. 

In  Subsection  4.2,  it  was  shown  that  the  airflow  sepa- 
rates off  the  back  side  of  the  duct  bend  and  creates  a re- 
gion of  low-energy  air  on  the  outboard  side  of  the  compres- 
sor face.  This  region  is  typically  located  about  probes 
33,  43,  and  53,  shown  in  Figure  93.  This  pocket  of  low- 
energy  air  causes  a very  high  level  of  steady-state  distor- 
tion because  the  GE  distortion  methodology  is  supersensitive 
to  a low  reading  on  any  probe  in  Rings  1,  2,  4,  or  5 of  the 
compressor- face  instrumentation.  An  excessive  level  of 
steady-state  distortion  can  dominate  the  instantaneous,  or 
dynamic,  level  of  distortion  if  the  inlet  turbulence  level 
is  low. 

Functionally  the  dynamic  distortion  may  be  expressed 
as  the  sum  of  the  steady-state  distortion  and  some  function 
of  the  turbulence  level  at  the  compressor  face;  i.e., 

IDDYn  = IDSS  + f(^trms/^t2) 

Thus,  if  a duct  configuration  change  produces  a reduction  in 
the  steady-state  distortion  level  without  increasing  the 
turbulence  level,  then  the  dynamic-distortion  level  will  be 
reduced  accordingly.  To  illustrate  this  in  a quantitative 
manner,  realistic  compressor- face  patterns  for  an  "improved" 
duct  can  be  generated  by  substituting  new  values  for  the 
pressures  in  the  low-energy  region  with  the  following  averag- 
ing scheme.  Consider  Figure  93;  substitution  values,  de- 
noted by  primes,  for  probes  CF33,  CF43,  and  CF53  can  be 
generated  as  follows: 

CF33 ' = (CF23  + CF32  + CF34)/3 
CF43 1 = (CF33 ' + CF42  + CF44)/3 
CF53 ' = (CF43 ' + CF52  + CF54) /3 


By  use  of  the  substitution  values  for  these  three  probes,  a 
new  value  of  steady-state  distortion,  IDgg,  is  computed. 
Then  the  new  value  of  dynamic  distortion,  IDjjyn>  can  be 
calculated  by 


id' 

DYN 


where  the  term  in  brackets  is  determined  from  the  values 
given  in  Table  7. 


Rake 


CF  45  $ 


This  technique  was  applied  to  those  test  conditions  in 
Table  7 at  5°  angle-ol-attack , 0°  sideslip,  and  the  design 
airflow.  The  resulting  values  of  ID^S , IDDy\>  IL)SS  and  IDDYN 
are  plotted  in  Figure  94.  These  values  of  It)  were Jcomputed 
for  altitudes  along  the  upper  boundary  of  the  assumed  flight 
envelope.  Note  that  the  dynamic  distortion  level,  IDqYn, 
for  an  "improved"  duct  configuration  is  less  than  the  steady- 
state  distortion  level  for  the  present  duct.  Also,  from 
Mach  0.85  to  1.6  the  dynamic  distortion  level  does  not  ex- 
ceed 0.8,  which  means  the  compatibility  barrier  at  1.2  Mach 
(Figure  85)  has  been  eliminated. 

Recall  that  the  purpose  of  this  prediction  technique 
was  to  illustrate  that  the  Basic  Inlet  at  B.L.  43.82  would 
have  acceptable  engine/inlet  compatibility  if  the  low-energy 
defect  was  corrected.  Further,  recall  that  a prediction 
was  not  necessary  for  the  Basic  Inlet  at  B.L.  45.64  because 
data  was  available  to  show  that,  with  VG  Pattern  3,  compati- 
bility was  very  good.  Because  the  low-energy  defect  is  a 
duct  problem  and  not  related  to  the  inlet  flow  field  or  inlet 
location,  the  predicted  improvement  for  the  inboard  location 
should  agree  with  the  test  data  from  the  outboard  location. 
The  data  in  Figures  75,  77,  82,  and  83  at  5°  angle-of-attack 
and  0°  sideslip,  show  a decrease  in  ID  of  .25  at  Mach  0.85 
and  .28  at  Mach  1.4.  From  Figure  94  the  predicted  decrease 
in  ID  is  .22  at  Mach  0.85  and  .32  at  Mach  1.4.  This  is  ex- 
cellent agreement;  thus  the  validity  of  the  prediction  tech- 
nique is  strongly  supported  by  the  test  data. 

In  Figure  94,  it  appears  that  at  Mach  1.6  and  above 
elimination  of  the  low-energy  region  does  not  improve  the 
distortion  level.  Actually,  what  has  happened  is  that  the 
boundary- layer  ingestion  has  created  a low-energy  region  on 
the  upper  inboard  side  of  the  compres sor- face  that  dominates 
the  distortion  calculation.  This  can  be  seen  in  the  compres- 
sor-face patterns  in  Figure  23.  If  the  boundary- layer  in- 
gestion problem  were  eliminated,  then  the  low-energy  region 
produced  by  the  duct-bend  separation  would  again  dominate 
the  distortion  level.  Above  Mach  1.6  the  increment  between 
steady-state  and  dynamic  distortion  increases  sharply  be- 
cause of  a rapid  increase  in  turbulence  level. 


4,4.4  Summary  of  Engine/Inlet  Compatibility 


In  the  preceding  subsections,  it  has 
the  Basic  Long-Plow/Splitter-Plate  Inlet, 


been  shown  that 
positioned  at 
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Figure  94.  Compatibility  prediction  of  the  Basic  Lone -r low/ 
Splitter-Plate  Inlet  with  t!ie  low-energy  defecL 
corrected:  Cl  = 5°  , 0=0°,  and  design  air  slows 
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either  B.L.  43.82  or  B.L.  45.64,  has  very  good  compatibility 
with  the  F101  engine  when  the  low-energy  defect  at  the  com- 
pressor face  is  corrected.  Further,  it  has  been  shown  that 
VG  Pattern  3 corrects  the  low-energy  defect.  These  comments 
apply  to  altitudes  along  the  upper  boundary  of  the  assumed 
flight  envelope,  which  are  the  most  adverse  altitudes  for 
compatibility.  Even  without  correction  of  the  low-energy 
defect,  it  has  been  shown  that  the  Basic  Inlet  at  either 
B.L.  43.82  or  B.L.  45.64  has  acceptable  compatibility  at 
lower  altitudes. 
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5. 


CONCLUSI  0 N S 


It  is  concluded  from  this  program  that  a simple,  open- 
nose,  normal-shock  inlet  can  operate  while  in  the  influence 
of  a wing-body  flow  field.  The  Basic  Long-Plow/Splitter- 
Plate  Inlet  at  either  B.L.  43.82  or  B.L.  45.64  has  accept- 
able inlet  pressure  recovery.  Likewise,  engine/inlet  com- 
patibility of  the  Basic  Long-Plow/Splitter-Plate  Inlet 
VG  Pattern  3 is  very  good  in  either  position  throughout  the 
selected  Mach-altitude  envelope.  Without  VG  Pattern  3,  the 
Basic  Inlet  has  acceptable  engine/inlet  compatibility  in 
either  position  at  conditions  slightly  below  the  upper  left- 
hand  boundary  of  the  selected  Mach-altitude  envelope. 

Other  specific  conclusions  drawn  from  the  analysis  if 
the  test  data  are: 

1.  The  fuselage  boundary- layer  on  the  r search  model 
as  tested  was  thicker  than  the  thickness  calcu- 
lated by  flat-plate  theory,  whereas  the  oppositi 
was  true  for  the  F-lll. 

2.  The  flow- field  surveys  show  the  fuselage  boundary 
layer  to  be  vortex- free  throughout  the  Mach-alpha- 
beta  envelopes  tested. 

3.  Spillage  of  the  fuselage  boundary  layer  past  the 
splitter  plates  into  the  inlet  degraded  inlet 
performance,  distortion,  and  engine/inlet  compati- 
bility at  all  test  conditions  regardless  of  inlet 
standoff  position.  It  was  concluded,  however, 
that  an  improved  inlet  configuration  can  be  pro- 
duced by  modifying  the  fuselage- boundary- layer 
system. 

4.  The  outboard  duct  bend  resulted  in  some  flow  si  pu- 
ration  that  increased  inlet  distortion.  However, 
the  separation  phenomena  is  orrectiblc  with  duct 
vortex  generators  or  duct  blowing  without  redesi su- 
ing the  duct.  This  was  demonstrated  during  the 
tests  and  results  in  a significant  decrease  in 
distortion  and  subsequent  marked  improvement  in 
engine/iniet  compatibility. 


163 


5.  The  inlet,  was  free  from  lip  separation  at  all  con- 
ditions tested. 

6.  The  separation  off  the  back  of  the  duct  bend 
created  a region  of  low-energy  air  at  the  com- 
pressor face,  which  significantly  increased  the 
steady-state  distortion.  Although  the  fluctuating 
component  of  distortion  was  at  a realistic  level, 
the  high  steady-state  component  biased  the  com- 
patibility analysis.  It  has  been  shown  that  when 
the  problem  at  the  duct  bend  is  corrected,  the 
dynamic  distortion  level  (steady-state  + fluctu- 
ating component)  is  acceptable  across  the  Mach 
range . 


164 


REFERENCES 


I.  Caw then,  J.  A.,  Truax,  P.  P. , Steenken,  W.  C. , Super- 
sonic Inlet  Design  and  Airframe  - Inlet  Integration 
Program  (Project:  Tailor-Mate),  Air  Force  Flight  Dynamics 
Laboratory  Report  AFFDL-TR-71 -1 24 , Col.  Ill,  Composite 
Inlet  Investigation,  May  1973. 

2 . Model  and  TosL  Information  Reger!  , I / 3 . 2- : lea  I e Composite 
Inlet  Model  Test  in  AKDC  PWT  1 OT , 16S  - OcLuber  1975  , 
General  Dynamics  Fort  Worth  Division  Report  FZT-267 , 

15  August  1975. 

3 . Wind  Tunnel  Data  Report,  1/5.2-Scale  Fuselage-Inlet 
Model,  AEDC , PWT  Tests  SF-1.78  and  TF-399,  November  1975 
and  March  1976 , General  Dynamics  Fort  Worth  Division 
Report  FZT-284,  27  April  1976. 

4 . Working  Curves  for  the  Characteristics  of  the  Smooth 
Flat  Plate  Turbulent  Boundary  Layer,  Convair,  A Division 
of  General  Dynamics  Corporation  (Fort  Worth)  Report 
MR-A- 1121,  21  May  1957. 

5.  Seddon  , J.  , Boundary  Layer  Interaction  Effects  In  Intakes 
With  Particular  Reference  to  Those ■ Designed  for  Dual 
Subsonic  and  Supersonic  Performance , Royal  Aircraft 
Establishment  TR66099,  March  1966. 

6.  Seddon,  J, , The  Flow  Produced  by  Interaction  of  a 
TurbulonL  Boundary  Layer  With  a Normal  Shock  Wave  of 
Strength  Sufficient  to  Cause  Separation,  Royal  Aircraft 
Establishment,  Aeronautical  Research  Council  R&M  3502 
(Tech.  Memo  No.  Aero.  667)  , 11  March  1960. 

7 . Hi-Response  Data  Plan  for  the  1/5.3-Scale  Advanced 
Research  Inlet  Test  in  the  AEDC  PWT  16T/16S  Tunnels, 
General  Dynamics  Fort  Worth  Division  Report  MR-P-376, 

14  October  1975. 


